Introduction
Satellite observations have revealed the frequent occurrence of three-dimensional cellular convective patterns, particularly over the oceans, and a recent observational study of these patterns, carried out by Agee and Dowell (1974) , has revealed a number of interesting characteristics.
The observed convective cells fall into two categories; the open ones in which there is a downward flow in the centre of the cell and the closed ones in which there is an upward flow at the centre.
Open convective patterns preferably occur (Agee, Chen and Dowell 1973) to the east of the continents over warm ocean currents, while closed cells tend to occur west of the continents over cooler ocean currents. The average convective depth of the open cells is approximately twice as large as for the closed ones. The large aspect ratio of the cells is confirmed but is twice as large for closed cells than for open cells, i.e., the aspect ratio seems to be inversely proportional to the convective depth.
The sea surface temperature exceeds the air temperature in the case of open cells but is smaller than the air temperature in the case of closed cells; i.e. for open cellular patterns the ocean acts as a major energy source for driving the atmospheric circulation but acts as a weak sink in the case of closed cells. Finally there is a strong total heat flux from the sea to the atmosphere in regions of open cells and a much weaker heat flux from air to ocean in the regions of closed cells.
The above conclusions are somewhat tentative and additional observations, coupled with more extensive studies of the results, will be required before any definitive statements can be made.
One of the more common regions for the occurrence of open cells, situated near Okinawa, has been selected for the site of the air mass transformation experiment (AMTEX), which is carried out at present under the direction of the Japanese Committee for CARP.
A number of observations, such as velocity measurements, can only be placed in their proper context within the framework of a non-linear analysis and it is the purpose of the present paper to make a preliminary investigation of the influence of non-linear effects on mesoscale convection. This investigation does not include the effects of latent heat in the energy equation and it would be necessary to extend the linear theories which take such effects into account (e.g., Kuo 1961 and Yamasaki 1972) to the non-linear case. It is hoped to carry out such an investigation in a subsequent paper.
The large diameter to depth ratio of the mesoscale convective cells can be explained in a number of ways. Priestly (1962) and Ray (1965) have postulated that this large aspect ratio is due to an anisotropy of the eddy mixing coefficients.
If one assumes moist ascending and dry descending adiabatic processes the static stabilities Sa and Sb in the upward and downward moving regions will be different. As shown by Asai (1966 Asai ( , 1967 Asai ( , 1968a Asai ( , 1968b , this results in a dependence of the aspect ratio on the static stability ratio *=Sa/Sb and may account for the large aspect ratios which have been observed.
More recently Sasaki (1971) has shown that a boundary condition of nearly constant heat flux, as opposed to constant temperature, can also explain the appearance of flattened cells. We shall, in this paper, adopt this last hypothesis and extend Sasaki's investigations to the non-linear case. In addition we shall also take into account possible variations with temperature in the exchange processes which have already been investigated, in the linear case, by a number of authors (e.g. Green 1969, Agee and Chen 1973) .
The method used in this investigation is essentially a one-mode expansion coupled with a Galerkin procedure and it has already been used extensively in a number of investigations on nonlinear convection (R. Van der Borght et al. 1972 and 1974 .
Basic equations and boundary conditions
We shall in this paper use a system of nonlinear equations derived in view of their application to convective layers in stars (R. Van der Borght and Waters 1971) .
These equations are based on the assumption that the Boussinesq approximation holds, which seems to be the case in the lower regions of the atmosphere. The method is based on the Glansdorff-Prigogine variational method (1964, 1965 ) (e.g. Unno 1969) and is essentially equivalent to an application of the Galerkin method. One assumes that the generalized entropy production * is stationary for small variations from a stationary solution and a suitable form of the variational principle can be written as follows (5) which is adopted.
We shall in this paper investigate thermal convection with hexagonal planform for which the appropriate expression for f(x,y) can be written Some lengthy but straightforward algebra shows that the Euler-Lagrange equations (8) to (10) It follows therefore from (30) and (31) that the constants *0 and *0 refer to the kinematic viscosity and thermal diffusivity of the air at sea level. It is well known that the molecular viscosity of a gas increases with temperature whereas the inverse is true for liquids (e.g. Schlichting 1951). Since T0 is negative and increases in absolute value with height a negative value of *2 will, in our model, result in a decrease in viscosity with height and will represent the behaviour of a gas.
In this preliminary investigation of the effect of non-linearities in mesoscale convection no attempt has been made to make a detailed study of the magnitude of *1 and *2. A direct comparison of the theory with detailed observations, when they become available, can only be made when other effects have been taken into account such as the influence of the moist adiabatic lapse rate in the ascending motions (e.g. Yamasaki 1972) .
Some detailed studies of the behaviour of the turbulent exchange processes have already been made (e.g. Green 1969 , Oke 1970 and it would not be too difficulat to deduce from them the appropriate values of *1 and *2.
In the present paper we are interested only in the general effect of such variations on convective motions and have considered three cases i.e. The basic equations given in (14) to (16) are not dimensionless in the vertical velocity component W.
They can be put in a form which is more convenient for numerical integrations and which takes explicitly into account the temperature dependence of the viscosity and conductivity as introduced in (30) and (31).
Introducing a scaling for W of the form and making use of equations (30) and (31) it follows that the basic equations of the problem can be written in the following form
The final set of boundary conditions in the temperature fluctuation F is more difficult to determine, due to the fact that one wants to consider convective cells with large diameter to depth ratios.
This can be achieved in two ways; one can adopt the Priestley (1962) hypothesis and assume an anisotropy in the eddy mixing coefficients or adopt the Sasaki (1970) hypothesis that appropriate boundary condition on the temperature fluctuation is the Newton law of cooling. A linear analysis in both cases leads to a critical Rayleigh number which is shifted towards the smaller wavenumbers. The cells with large diameter to depth ratios would therefore be the most unstable and, one would hope, the more likely to be established.
We The above eight-order system of non-linear differential equations has to be solved subject to eight boundary conditions. The first two, on the average temperature, T0, have already been given in (32). which were studied, for non self-interacting planforms, in another paper (Van der Borght 1974).
Numerical Results
The basic equations of the problem were solved by a finite-difference method over a range of values of the Rayleigh number R for both types of convection cells, the open ones corresponding to the W<0 solutions and the closed ones to W>0.
The Prandtl number was taken equal to In this case both the viscosity and conductivity are allowed to vary. For the range of parameters considered here there is only a 10% variation in Rl. For more extreme variations in the parameters (e.g. Green 1969 ) the effects will be more marked.
As one would expect from the linear results there is a dependence of the Nusselt number on the dependence with temperature of the viscosity and conductivity. The results are summarized in Table 2 , also for the case of closed cells (W>0). Similar results are obtained for open cells.
We see that a change in the behaviour with temperature of the turbulent exchange coefficients does have an effect on the Nusselt number and therefore on the amount of energy carried across the layer. These effects can result in either an increase or a decrease of the Nusselt number but it can be seen that the changes are small and that the importance of these effects decreases with increasing Rayleigh number, i.e. with the strength of the convection.
In what follows we shall therefore only give the results of the numerical integrations for constant viscosity and conductivity (i.e. *1=*2=0).
It was found that the Nusselt numbers N corresponding to open (W< 0) and closed cells (W>0), for the same value of the Rayleigh number R, are not the same. This can be seen from Table 3 .
It is seen that the Nusselt number for closed cells is lower than the corresponding value for open cells and that the effect becomes more marked for higher values of the Rayleigh number. If one accepts the hypothesis that the convection will adjust itself such as to extremise the Nusselt number this would indicate that open type cells would be preferred. The form of the solutions, for closed cells (W>0), are illustrated in Figs. 1 to 3 for increasing values of the Rayleigh number. We see that the maximum vertical velocity is reached in the upper half of the convective layer and that the temperature fluctuation F decreases with increasing Rayleigh number (for R>600).
The variation of the average temperature T0 across the layer for closed cells is somewhat unusual and is illustrated in Fig. 3 . We see that for strong convection, i.e. high Rayleigh number, the average temperature curve is highly asymmetric and that the average temperature is low and of the order of the imposed temperature at the upper boundary in most of the layer. A comparison with the average temperature distribution in open cells (W<0), as given in Fig. 4 , shows that in this case the average temperature across the layer is, for strong convection, approximately equal to the arithmetic mean of the imposed boundary temperatures.
In both cases one has, for large Rayleigh number R, an isothermal region in the centre of the convective layer. This corresponds, in the Boussinesq approximation, to a temperature gradient equal to the adiabatic one.
In Fig. 5 we have contrasted the variations of W and F across the layer for open (W<0) and closed cells (W>0) in the case when the Rayleigh number R=1.5 106. We see that for open cells the maximum vertical velocity occurs in the lower half of the convective layer.
It should be pointed out that the difference between the Nusselt numbers for open and closed cells is due to the asymmetry in the boundary conditions (40), (41) and (42) 
Conclusions
The results of the numerical integrations of the basic one-mode differential equations have provided us with an indication of the effects of non-linearities in mesoscale convection and these can be summarized as follows :
The variation with temperature of the viscosity and conductivity has only a marginal effect on the character of the flow and the energy flux. The detection of such effects will have to wait the advent of fairly accurate measurements.
Open type cells are more efficient in transporting heat than closed ones, at least for the boundary conditions considered in paragraph 2.
In this paper we consider only the case where the ocean acts as a heat source and it is shown that open cells would be preferred in such cases. If, as indicated by Agee and Dowell (1974) , there is a heat flux from air to ocean in the observed closed cells, an explanation of such a phenomenon would be outside the scope of the present paper.
